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論 文 内 容 要 旨          
For realization of functional spintronic devices, much attention has been focused on spin-orbit interaction (SOI) in 
both semiconductors and metals. In particular, there have been many practical approaches utilizing the SOI in metals; 
magnetization reversal of a ferromagnet(FM) on top of heavy paramagnetic metal(HM) induced by in-plane current or 
domain wall motion driven by spin-orbit torque (SOT). These provide an essential technology for the high performance 
memory devices. Furthermore, for low power logic devices, spin Seebeck effect or spin Hall effect in metals with strong 
SOI has made remarkable progress in generating pure spin current. These studies indicated that the SOI in paramagnetic 
heavy metals should be a fundamental ingredient for future spintronic devices. However, it has been reported that the 
parameters which show the strength of SOI in metals vary greatly with experimental techniques or sample structures, 
even with the same materials; in the case of Pt, the spin Hall angle has been estimated as 0.37–11 % and the spin 
relaxation length varies from 1.5 to 11nm. It is considered that these confusing results are based on the mechanism of 
SOI in metal system: Up to now, the Elliot-Yafet mechanism based on momentum scattering has been explained as a 
dominant spin relaxation mechanism in metals because of its short mean free path. On the other hand, recent studies 
suggest that the the D’yakonov-Perel’ (DP) mechanism also contributes to spin relaxation in metals. Therefore 
understanding the mechanism of SOI opens to the pathway to engineer SOI effectively, leading to realize spintronic 
devices. 
To that end, this thesis aims for fundamental understanding of SOI mechanism by means of investigating spin 
relaxation in epitaxial Pt thin films. Furthermore, by extending concept of spin relaxation to SOT, we explored Pt crystal 
structure dependence of SOT which can provide us practical approaches for spintronic devices. 
This thesis is organized as 9 chapters. 
In chapter 1, the historical background and the objectives of the thesis is described. 
In chapter 2, the fundamental concept of SOI is introduced and the origin of SOI is explained from the perspective of 
extrinsic and intrinsic mechanism. In this study, Elliot-Yafet (EY) mechanism caused by momentum scatterings and 
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D’yakonov-Perel’ (DP) mechanism induced by structural inversion asymmetry is mostly discussed. In addition to that, 
SOI related phenomena which are mainly dealt with in this thesis are derived: Spin relaxation and SOT. 
In chapter 3, the principle of experimental instrument used for film deposition (radio frequency sputtering), sample 
fabrication (photo-lithography, electron beam deposition) and crystallography evaluation (X-ray diffraction, reflection 
high – energy electron diffraction, transmission electron microscopy) is briefly described. 
Chapter 4 present the details of epitaxial growth of Pt and deposition of perpendiculary magnetized Co/Pt bilayer 
depending on Pt crystal structure. First of all, to grow epitaxial Pt film, we prepared MgO (111) substrates. The Pt / 
MgO structures were obtained by radio-frequency sputtering. Since the lattice constant of MgO (4.21 Å) is close to that 
of Pt (3.91Å ), therefore Pt oriented to (111) plane can be epitaxially grown on MgO substrate at the high growth 
temperature (500 ℃). The crystallographic information of Pt/MgO is systematically examined through perpendicular 
and in-plane X-ray diffraction, reflection high – energy electron diffraction as well as transmission electron microscopy. 
From the evaluated results of all above procedures, we determined that Pt on MgO(111) is successfully grown as 
epitaxial film with lattice matched relationship. Furthermore, applying the idea that Pt is epitaxially grown on MgO 
substrated, each perpendicularly magnetized ultrathin Co film with poly crystalline Pt and single-crystalline Pt are able 
to be deposited on MgO (100) substrate and MgO (111) substrate: At high substrate temperature (200℃), Pt thin film 
is epitaxially grown along to orientation of MgO substrate. When ultrathin Co film is continuously deposited on the Pt 
layer, Co film tends to have (0001) orientation which has a same structure to Pt (111) layer. Therefore Pt on MgO (111) 
substrate is preserved as epitaxial structure after Co deposition (Co/Pt(S)). On the other hand, Pt on MgO (100) is 
distorted at the interface between Co and Pt layer, leading to poly crystalline structure (Co/Pt(P)).    
In chapter 5, magnetoresistance measurement for quantitative evaluation of spin relaxation and SOT is studied. To 
evaluate the spin relaxation, quantum interference effect called weak anti-localization (WAL) is introduced. WAL is 
obtained in the case of strong SOI at low temperature, therefore it is a direct method to measure the SOI of materials. 
Regarding SOT evaluation, harmonic Hall voltage measurement is investigated. In the presence of SOT, the effective 
magnetic field induced by SOT affects magnetization in FM, therefore quantitative evaluation is feasible from the 
harmonic analysis. Here we introduce two approaches of harmonic measurement which mainly depends on magnetic 
field amplitude. By combining both harmonic analysis, the obtained SOT can be more precise.  
Chapter 6 describes the spin relaxation mechanisms in Pt thin films depending on the Pt thickness and crystal structure 
by WAL at low temperature (T = 1.6 K). . In the bulk Pt films, the EY mechanism is regarded as the dominant mechanism. 
In contrast, if the thickness decreases, the contribution of an interface such as the Rashba SOI contributing to DP 
mechanism cannot be negligible. Likewise, it is considered that a disordered system inducing the scattering promotes 
the EY mechanism in the case of polycrystalline structure. In other words, we can expect that with epitaxial Pt, which 
has periodic lattice structure, the EY mechanism can be suppressed, and then, the DP mechanism becomes to play an 
important role for spin relaxation. Through our research, we find that the spin relaxation rate is clearly dependent on Pt 
thickness and crystal structure. In the relatively thick films of polycrystalline Pt, the EY mechanism is dominant, as is 
well known. However, in the thinner films, spin relaxation rate Γ𝑠𝑜 deviates from the EY mechanism, so that the DP 
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mechanism turns out to play an indispensable role in explaining those results. Furthermore, in epitaxial Pt thin films 
where the scattering events can be suppressed considerably compared to polycrystalline Pt thin films, the spin relaxation 
is mainly induced by the DP mechanism. 
In Chapter 7, SOT in Co/Pt bilayer system depending on Pt crystal structure is investigated. Considering that spin 
relaxation mechanism depending on Pt crystal structure is investigated at low temperature, it is required to explore the 
applicability at room temperature. FM/HM bilayer systems characterized by strong SOI exhibit numerous intriguing 
physical phenomena. Among others, SOT driven by spin Hall and interfacial effects have been broadly investigated to 
understand the underlying mechanism and to achieve desirable spintronic devices. Since both SOT and spin relaxation 
is closely related to SOI originated in HM, one can expect that SOT also shows a dependence on the crystal structure 
of the heavy metal layer in HM/FM heterostructures. Here, we investigate the harmonic Hall voltage in epitaxial and 
poly crystal Co/Pt bilayers with perpendicular magnetic anisotropy. We find that an antisymmetric contribution (crystal 
Hall effect: CHE) to the Hall effect is present additional to the conventional anomalous and planar Hall effects when Pt 
is epitaxial. The understanding of this additional signal is crucial in the the SOT characterization in epitaxial crystal 
systems. Throughout magnetic field and crystal structure dependence measurement, the characteristics of CHE has been 
quantitatively investigated. Based on that, we propose the remodeled SOT evaluation method, leading to the possibility 
that crystal dependence of SOT. Moreover, SOT-induced magnetization switching is conducted in both epitaxial and 
poly crystal Co/Pt structure, supporting the SOTs derived by the remodeled evaluation method as well as the fact that 
antisymmetric Hall effect influence to the SOTs. 
In Chapter 8, temperature dependence of SOT in epitaxial Co/Pt bilayer system is studied. Through the results in 
chapter 6 and chapter 7, we found that both spin relaxation and SOT clearly depends on Pt crystal structure. In this 
chapter, to figure out the related physics between spin relaxation and SOT, we systematically investigate temperature 
dependence of SOT in epitaxial Co/Pt. The obtained SOTs in epitaxial Co/Pt increases with decreasing the temperature, 
suggesting that DP mechanism is dominant in epitaxial structure. 
In Chapter 9, conclusions and outlooks are presented.  
In conclusion, this thesis studies spin relaxation and SOT in epitaxial Pt. First of all, the spin relaxation in Pt thin films 
depending on the Pt thickness and crystal structure. We verify that the spin relaxation in Pt thin films is determined by 
contributions of the DP mechanism in addition to the EY mechanism, whereas the dominant contribution is determined 
by the characteristics of system. Furthermore, we explore the SOT in Co/Pt bilayer system depending on Pt crystal 
structure. CHE observed in epitaxial Co/Pt contributes to virtual SOTs and we propose the remodeled SOT evaluation 
method taken into account CHE, suggesting the crystal dependence of SOT. Accordingly, this thesis clarifies 
fundamental understanding of spin relaxation in metals as well as unrevealed perspective of SOT in epitaxial structure. 
The achievement in thesis proposes the possibility of SOI manipulation based on engineering crystal structure, which 
is indispensable components for designing future spintronic devices.  
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